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ABSTRACT 
A process that utilized CO2 recovered from thermal power plant flue gas for methanol production was simulated using 
Aspen HYSYS V8.4 software. Exergy and economic analyses approaches were used to determine the optimum number 
of trays in the distillation column for economic operation of the process. The results from both approaches showed 
that the optimum numbers of trays were 20 and further increase in the number of trays did not yield any significant 
improvement in the process efficiency and quality of methanol produced. The profitability analysis of the plant 
showed a payback period of 3 years. The study concluded that locating such plant close to the thermal power plant 
will mitigate the emission of CO2 by providing onsite utilization for the CO2 emitted and captured from the thermal 
power plant.   
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1. INTRODUCTION 
Many industrial manufacturing processes like synthesis 
gas manufacture, combustion processes etc. emit 
carbon dioxide to the atmosphere [1]. Carbon dioxide,  
one of the main causes of global warming, released 
from such combustion of fossil fuels and other 
manufacturing processes contributes to an increase in 
the concentration of greenhouse gas emissions (GHG) 
in the atmosphere [2]. These emissions could be 
mitigated by using different methods such as 
enhancement of energy efficiency of equipment, 
replacement of fossil fuel sources with renewable 
energy sources and transformation of emitted carbon 
dioxide to other valuable raw materials of which 
methanol is one [3].  Of all these techniques, converting 
carbon dioxide to other valuable raw materials has 
been identified as the most viable [4]. The investigation 
of carbon dioxide as a carbon source for chemical 
production and fuel synthesis has received enormous 
attention. It was discovered from such investigation 
that the recovery of carbon dioxide from thermal 
power plant could contribute significantly to reducing 
climate change [3, 5]. 
Methanol is a  volatile, poisonous and colorless liquid 
used as antifreeze, solvent,  fuel,  denaturant  for  ethyl  
alcohol  and  feedstock  to  produce  formaldehyde,  
methyl  tertiary  butyl  ether (MTBE) and acetic acid 
[6]. It is also a chemical reactant in a number of 
important chemical syntheses and recently, methanol is 
of large industrial significance, it has become a widely 
used raw material for the development of fuel cell 
technologies, particularly direct methanol fuel cells 
(DMFC) [7]. 
The global production of methanol was around 85 
million metric tons in 2012 [8] with the annual 
production exceeds 40 million tons and continues to 
grow by 4% per year, and this is expected to continue 
at about the same pace [9]. The growth is due to the 
recent research that showed methanol as one of the 
best potential renewable energy sources to replace 
gasoline with minimal environmental impact [10].  
A few number of works have been done on the upgrade 
of CO2 to methanol [11, 12]. Feasibility of methanol 
production from flue gas with the aim of reducing 
carbon dioxide emissions level and increasing the level 
of renewable energy supply has been studied [10]. The 
study highlighted the benefits of successful 
development and implementation of the production 
process and its impact on reducing the level of carbon 
dioxide emissions into the atmosphere. Methanol 
synthesis from carbon dioxide and hydrogen in order 
to mitigate carbon dioxide mitigation has been 
reported [13]. In the study, highly efficient Cu/ZnO 
based material catalysts were investigated and the 
durability of the catalysts was achieved by adding a 
small quantity of silica to the catalysts.  The study 
showed that the addition of silica caused the catalysts 
to be repressed  in  the  crystallization of  ZnO  while 
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the catalysts  were  very  active  and  exceedingly  
stable  in  methanol  synthesis  from  carbon dioxide 
and hydrogen.  Although methanol production process 
has been studied since the 1920s, there is lack of 
studies related to the economic and exergy analyses of 
the whole production process. The need to capture 
carbon dioxide emissions from thermal power plant 
and create a valuable uses for it is an economic 
mitigation measure to control the hazardous impact it 
has on the environment. This research work therefore 
focused on the development of process for the 
utilization of the carbon dioxide emitted from the 
thermal power plant for the production of methanol. 
The simulation and exergy analysis of the process are 
done to identify potential areas where useful energy 
losses could occur within the process. The effects of 
variation of process parameters on the plant 
performance are investigated, economic evaluation of 
the process is done to identify cost-effective operation 
of the process and the profitability analysis is done 
using payback period as economic index. 
 
2. PROCESS DESCRIPTION 
The four stages involved in the production of methanol 
include feed preparation, steam reforming, methanol 
synthesis and methanol distillation. In the methanol 
production process, the feed stream comprises natural 
gas, steam and carbon dioxide captured from the flue 
gas emitted from thermal power plant. The natural gas 
stream initially enters the desulfurization unit to 
remove the sulphur compounds that may be present as 
impurities in the stream. Before the water is converted 
to steam and added to the process, the impurities 
present in the water stream are reduced to 
undetectable or parts per billion levels [14]. The 
reforming process transforms the methane and the 
steam to intermediate reactants of hydrogen, carbon 
dioxide and carbon monoxide. Carbon dioxide is also 
added to the feed gas stream at the methanol synthesis 
stage to produce a mixture of components in the ideal 
ratio to efficiently produce methanol. The reactants are 
converted to methanol and separated out as crude 
product which is then purified in distillation columns. 
The captured CO2 is used up in the process, thereby 
mitigates emission of CO2 from the thermal power 
plant to the environment. A schematic diagram of the 
methanol production process is shown in Figure 1. 
 
3. THEORY 
3.1 Methanol Production Reaction 
The overall methanol production process may be 
divided into two principal sections, namely, auto 
thermal reforming and methanol synthesis. 
 
3.1.1 Auto Thermal Reforming 
Partial oxidation of the fuel is conducted in the auto 
thermal reforming (ATR) in order to produce the heat 
required for the endothermic reforming reactions of 
the fuel. In the auto thermal process, oxygen added to 
generate heat is chemically bound in the product gas, 
which results that the H2/CO ratio in the product gas is 
lower than in other processes. While the oxidation 
reaction is used to adjust synthetic ratio, the typical 
operating conditions for this reaction are 850 – 1000 C 
and 20 – 100 bar [10]. The auto thermal reforming 
process model in this work takes into account the 
following principal reactions, in which three of the 
reactions are conversion reactions and one is 
equilibrium reaction.  
 
 
Figure 1: Schematic diagram of Methanol Process plant 
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The reforming reactions: 
                                     
                                       
The combustion reaction: 
                                       
The equilibrium reaction which is the water-gas shift 
reaction: 
                                        
 
3.1.2 Methanol Synthesis 
In the first step, the thermal decomposition step yields 
elemental carbon (in solid form) and large amounts of 
hydrogen gas as follows: 
 
                                               
 
In the second step of the process, the hydrogen gas 
produced is fed into the methanol synthesis reactor 
where it is combined with carbon dioxide captured 
from the thermal power plant in a catalyzed reaction to 
produce methanol as follows: 
 
                                           
 
Methanol resulting from this process is synthesized 
from carbon dioxide captured from the thermal power 
plant and hydrogen, as detailed in reaction 6, rather 
than by the more conventional combination of 
hydrogen and carbon monoxide (in a 2:1 molar ratio). 
The crude methanol formed during the methanol 
synthesis can then be distilled to remove water and 
other byproducts. 
It should be noted that methanol is produced from 
syngas using Cu/ZnO catalyst on an alumina oxide 
support and possible catalyst poisons include sulphur 
compounds, chlorine containing compounds and alkali 
metals. Poisoning by these compounds results in active 
site blocking or sintering, which yields decreased 
activity or change in selectivity of the catalyst. Hence, 




4.1 Methanol Process Plant Simulation 
Methanol production process via synthesis gas is 
simulated using Aspen HYSYS V8.4 simulation tool. The 
thermodynamics for this process is described by Soave-
Redlich-Kwong (SRK) fluid package available in the 
software. The carbon dioxide captured from the 
thermal power plant is used as CO2 source in this 
process [5]. 
4.2 Exergy Analysis  
Exergy analysis enables the identification of locations, 
types and magnitudes of energy wastage and losses 
within the process for possible improvement in process 
performance and efficiency. It uses the principles of 
conservation of mass and energy together with the 
second law of thermodynamics [15].  The specific total 
exergy of a stream of material, j neglecting the potential 
and kinetic energy terms consists of the physical exergy 
and the chemical exergy terms given as:  
   
         
   
    
                                  
Physical exergy as given by Equation (10) equals to 
maximum amount of work obtainable when the system 
is brought from its actual state to the reference state 
with environment defined by Po and To [16].   
   
   
    
     
                              
where: Hi and Si are the specific enthalpy and entropy, 
respectively at system temperature, Ti  and pressure, Pi. 
Ho and So are the specific enthalpy and entropy, 
respectively at reference temperature, To and pressure, 
Po. 
The chemical exergy takes into consideration the 
mixing of a substance due to heat transfer, heat 
exchange and chemical reaction taking place in the 
system. The molar chemical exergy of an ideal mixture 
is given as [17]:  
   
     ∑   
 
   
  
       ∑   
 
   
           
where: ym is the is the mole fraction of component m 
and 

R is the universal gas constant taken as  8.314 
kJ/kmol.K;   
    is standard molar chemical exergy 
(kJ/kmol) of various substances at Toand Po[17].    
The exergy rate of a stream of material j was obtained 
from its specific value as: 
  ̇   ̇    
                                    
where: ̇   is the mass flow rate of material stream, j 
Thus the unit and overall exergetic efficiency was 
defined, according to by Eqs. (13a and b) as [18, 19]: 
      
∑  ̇    
∑  ̇      
                                   
         
∑  ̇   
∑  ̇  
                                   
The irreversibility which is a measure of exergy 
destruction due to entropy generation is calculated by 
setting up the exergy balance and taking the difference 
between all incoming and outgoing exergy flows as 
[20]: 
  ∑  ̇   ∑  ̇                                        
 
EXERGY AND ECONOMIC ANALYSES OF METHANOL PRODUCTION PROCESS  J. O. Oludare
 
& S. A. Olayinka 
 
Nigerian Journal of Technology  Vol. 37, No.2, April 2018          368 
4.3 Investigation of the Effects of Operating Parameters 
on the Process Performance and Economic Analyses 
of the Plant 
The parametric study was performed on the process to 
establish the best and economically viable operating 
conditions that meet the specific demands from 
different clients, depending on the purity and purpose 
for which the methanol to be produced is intended to 
be used. Due to unavailability of literature materials on 
bare cost curve for most of the equipment used in the 
process, the equipment cost from Aspen HYSYS V8.4 
was used as the purchased cost of equipment (PCE) for 
the cost estimation. The economic basis for the 
calculations involved an objective function that 
summed the capital and energy costs of the process 
assuming a useful life, N, of 25 years and an annual 
interest rate, j, of 12% [21]. The detailed factorial 
method for capital cost estimation provided in Table 
1is used for the plant costing [22].   
Physical plant cost (PPC) of methanol plant  
= PCE of Methanol Plant x    ∑                         
Fixed capital cost of methanol plant  
(FCC) = PPC x                                     
The purchased cost of each equipment unit used in the 
process is presented in Table  . The fixed capital cost of 
the methanol process was amortized over the useful 
life of the plant using Eq. (17) [23]: 
 nn ali ed fixed capital cost   is  i en b   
      [
       
        
]                                  
Electricity was assumed to be the major source of 
power supply to the plant, hence the annual energy 
consumption in the process is estimated as: 
                          
                          
   peratin  ti e  ear    h
  r                                                              
 ail  ener   cons  ption 
  Total po er atta e of the plant     da           
 nn al cost of electricit  
   nn al ener   cons  ption    h
  r     nit cost of electricit    
   h                                                         
The plant was assumed to operate for 7200 hours per 
year and the unit cost of electricity is estimated to be 
$0.12/kWh at the exchange rate of $1 to N160. The 
profitability analysis of the process is evaluated using 
payback period as economic index.  
 a bac   eriod   r 
 
 ixed  apital  ost of the  lant   
 et  rofit   al e    r 
                              
 
5. RESULTS AND DISCUSSION 
5.1 Exergy Analysis of Methanol Production Plant 
The Aspen HYSYS V8.4 simulation model for the 
process is presented in Figure 2. Table 3 shows the 
results of estimated exergy source, exergy sink, 




Table 1: Typical Factors for Estimation of Project Fixed Capital Cost 
S/N ITEM 
PROCESS TYPE 
Fluids Fluids-Solids Solids 
1 
Major equipment, total purchase cost PCE PCE PCE 
f1 Equipment erection 0.4 0.45 0.50 
f2 Piping 0.70 0.45 0.20 
f3 Instrumentation 0.20 0.15 0.10 
f4Electrical 0.10 0.10 0.10 
f5 Buildings, process 0.15 0.10 0.05 
f6 Utilities 0.50 0.45 0.25 
f7 Storages 0.15 0.20 0.25 
f8 Site development 0.05 0.05 0.05 
f9 Ancillary buildings 0.15 0.20 0.30 
2 
Total physical plant cost (PPC) 
PPC = PCE (1+ f1  .  f9) 











f10 Design and Engineering 











4 Fixed capital = PPC (1+ f10+ f11+ f12)= PPC x 1.45 1.40 1.35 
Source: [20] 
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Table 2: Purchased cost of equipment for the methanol plant cost estimation 
S/N Equipment Purchased Cost of Equipment ($) Quantity 
1 Auto thermal reactor (ATR) 21100 1 
2 Methanol synthesis reactor  21100 1 
3 Equilibrium reactor (ERV -100) 21100 1 
4 Separator (V-100 20000 1 
5 Flash drum separator 20000 1 
6 Heater (E-101 and E-103) 8300 2 
7 Cooler (E-100 and E-102 8800 2 
8 Distillation column (T-100) 68900 1 
 Total 206100  
Source: Aspen HYSYS V8.4 Equipment Cost Analysis (2013) 
 
 
Figure 2: Simulation of Methanol Process plant 
 
Table 3: The plant components exergy source, exergy sink, exergy efficiency, irreversibility and their percentage 










% contribution to 
irreversibility 
Auto thermal reactor (ATR) 11867.2 4999.3 42.1 6867.9 27.0 
Equilibrium reactor (ERV-100) 2070.7 708.7 34.2 1362.1 5.4 
Flash Drum 1618.0 1290.0 79.7 328.0 1.3 
Cooler 1 1556.1 451.2 29.0 1104.9 4.3 
Heater 1 2124.7 745.6 35.1 1379.1 5.4 
Methanol Synthesis Reactor 
(ERV-100) 
6777.3 5233.2 77.2 1544.0 6.1 
Cooler 2 3261.1 813.5 24.9 2447.6 9.6 
Separator (V-100) 1641.9 1387.2 84.5 254.7 1.0 
Distillation Column 13882.2 6913.2 49.8 6969.0 27.4 
TEE-100 6333.8 3556.1 56.1 2777.7 10.9 
Heater 2 3613.0 3213.2 88.9 399.8 1.6 
     
25434.8 100.0 
 
It could be seen from the table that the heater 2 has the 
highest exergetic efficiency of 88.9%. The cooler 1 and 
cooler 2 have the lowest exergy efficiency of  29.0% 
and 24.9%,  respectively. The highest irreversibilty 
(exergy losses) of 6969.0kW  occurred in the 
distillation column. This is followed by autothermal 
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reactor (ATR) which has irreversibility of 6867.9 kW. 
The contribution of distillation column and the auto 
thermal reactor to overall plant irreversibilities are 
27.4% and 27.0%, respectively. Consequently, these 
two components are the highest sources of exergy 
losses in the process.  
The high exergy destruction in the distillation column 
could be due to heat transfer and mixing associated 
with separation within the column. In the reformer, the 
exergy losses could be associated with the chemical 
reactions (steam reforming and combustion) and heat 
transfer from combustion products to the 
hydrocarbon/water mixture in the tubes [24]. Friction 
and heat losses could also be responsible for the losses. 
The closer the occurrence of chemical reactions to the 
thermodynamic equilibrium, the lower are the 
irreversibilities.  
By preventing immediate contact of fuel with oxygen 
and using intermediate chemical reactions, 
irreversibilities in a combustion process can be 
reduced. The exergy destruction or irreversibilty 
associated with the reforming reaction can be reduced 
by preheating the hydrocarbon and the steam and by 
mixing the reactants at equal temperature and 
pressure [24]. 
 
5.2 Results of Overall Exergy Efficiency of the Methanol 
Plant 
The results of overall exergy efficiency and 
irreversibility for varying number of trays in the 
distillation column are presented in Figure 3. It could 
be observed from the figure that the overall exergy 
efficiency increases and the overall irreversibility 
decreases as the number of tray increases. This is 
because with increasing number of tray the pressure 
drop within the column increased and the entropy 
generation due to liquid mixing resulting from 
separation within the column reduced. Hence, overall 
exergy efficiency increases while the overall 
irreversibility reduces with increasing number of trays. 
This observation was significant up to when the 
number of trays in the distillation column were twenty 
(20). Above this point, effect of increasing number of 
trays on overall exergy efficiency and irreversibility 
was no longer significant. These results showed that 
the optimum number of trays for economic operation 
of the distillation column was 20, above which the 
operation of the process is no longer profitable.  
 
5.3 Effect of Reflux Ratio on the Distillate Rate and 
Methanol Purity 
The results of variation of reflux ratio from 0.7 to 1.4 on 
distillate rate and methanol purity are presented in 
Figure 4. It could be observed from the figure that the 
distillate rate reduced with increasing reflux ratio 
while the methanol purity was increased. In distillation 
operation  hi her refl x ratio is  s all   sed to obtain 
high purity methanol product [25]. However, 
sustaining this high reflux ratio could increase the 
operation cost because of high reboiler and condenser 
heat duty requirements [26]. The results showing effect 
of increasing number of trays on both the reboiler and 
condenser heat duties are presented in Figure 5. It 
could be observed from the figure that both the 
reboiler and condenser heat duties are increasing with 
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Figure 4: Effect of increasing reflux ratio on purity and 
distillate rate 
 
Figure 5: Effect of increasing reflux ratio on reboiler 
and condenser duties 
 
Comparing results presented in both Figures 4 and 5 
could enable design decisions. Methanol application 
where purity is of high importance (e.g synthetic 
dyestuffs, resins, drugs and perfume) would require 
operating the distillation column at high reflux ratio 
with its attendance high cost of operation in terms of 
energy cost. However, where methanol of low purity is 
desired in processes like production of fuel cells, 
injection into biodiesel to achieve high performance 
and in gasoline engines for an increase in power and a 
decrease in intake of air temperature in a process 
known as water methanol injection, then higher 
distillate rate should be a priority (i.e operating the 
column at low reflux ratio) because using high purity 
(high concentrations) methanol in fuel causes 
corrosion to some metals. For instance, methanol, 
although a weak acid, attacks the oxide coating that 
normally protects the aluminum in the gasoline engine 
from corrosion. Consequently, separation cost can be 
minimized by operating the distillation column at low 
refl x ratio if ethanol of lo  p rit  is desired [  ]. 
 
 
5.4 Effect of Increasing Feed Temperature on Distillate 
Rate, Methanol Purity and Energy Demand 
One of the major factors influencing the overall heat 
balance of a distillation column system is feed 
temperature. As shown in Figure 6, increasing the feed 
temperature reduces the reboiler heat duty and 
condenser heat requirement for energy balance within 
the column. When the feed temperature increased from 
60 to 1000C, the condenser heat duty reduced from 
123.7 kW to 86.2 kW, respectively while the energy 
requirement in the reboiler decreased from 174.2 kW 
to 111.8 kW, respectively. Installing a feed pre-heater 
could be an economical design option to minimize 
reboiler heat duty. 
As depicted in Figure 7, increased feed enthalpy 
reduces the required energy input from the reboiler at 
the same degree of separation [28]. Increasing the feed 
temperature which directly result in increasing feed 
enthalpy does not necessarily improve the overall 
efficiency of a distillation column when purity is of high 
priority but favours energy saving. Depending on the 
product specifications, careful review of feed 
temperature and phase is critical to minimizing overall 
energy consumption in the distillation process.  
 
 
Figure 6: Effect of increasing feed temperature on 
reboiler duty and condenser duty 
 
Figure 7: Effect of increasing feed enthalpy on reboiler 
duty 
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5.5 Results of Economic Analyses of the Methanol Plant 
The results of variations of capital, energy and total 
costs with increasing number of trays are presented in 
Figure 8.  It could be observed from the figure that the 
annualized capital cost of equipment increased with 
increasing number of trays. This is expected because 
the major equipment whose size is affected by 
increasing the number of trays is the distillation 
column. It is also observed from the table that the 
energy cost was reducing with increasing number of 
trays. This is because increasing the number of trays 
results in better separation, reduced reflux, and lower 
liquid flow to the bottom of the column and therefore 
lower reboiler duty to maintain vapour rate. 
Consequently, the total annual cost due to the trade-off 
between increasing capital costs and decreasing energy 
cost is minimized [29]. Further examination of Figure 8 
showed that the total cost was minimum when the 
number of trays in the distillation column is 20. These 
number of trays are therefore considered to be the 
optimum number of trays at which this process can be 
run profitably. The plant produced 3100 metric tons of 
methanol per year and the current selling price of 
methanol is $255/metric tons [9]. Hence, the net profit 
value accruable from the production is 
$4,081,157/year when the total annualized energy cost 
is $1,610,443/year and the capital cost for the 
methanol plant is $1,016,073. The payback period for 
the process is estimated to be approximately 3 years.  
 
 




It was revealed from the study that the distillation 
column and auto thermal reactor are the major units 
contributing to the overall exergy destruction in the 
methanol production process. Hence, improving the 
performance of the unit is a way forward with respect 
to achieving better economic benefit of the process. 
Exergy and economic analyses methods were used to 
determine the optimum numbers of trays for the 
process and it was discovered from the two approaches 
that 20 trays gave the optimum performances in terms 
of exergy efficiency and operating cost benefits. The 
study concluded that locating such plant close to the 
thermal power plant where CO2 emitted from the plant 
could be captured and use as raw material   could 
mitigate CO2 emissions from the plant.  
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